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During DNA replication, chromatin must be disas-
sembled and faithfully reassembled on newly syn-
thesized genomes. The mechanisms that govern the
assembly of chromatin structures followingDNArepli-
cation are poorly understood. Here, we exploited
Okazaki fragment synthesis and other assays to
study how nucleosomes are deposited and become
organized in S. cerevisiae. We observe that global
nucleosome positioning is quickly established on
newly synthesized DNA in vivo. Importantly, we find
that ATP-dependent chromatin-remodeling enzymes,
Isw1 and Chd1, collaborate with histone chaperones
to remodel nucleosomes as they are loaded behind
a replication fork. Using a whole-genome sequencing
approach, we determine that the positioning of newly
deposited nucleosomes in vivo is specified by the
combined actions of ATP-dependent chromatin-re-
modeling enzymes and select DNA-binding proteins.
Altogether, our data provide in vivo evidence for co-
ordinated ‘‘loading and remodeling’’ of nucleosomes
behind the replication fork, allowing for rapid organi-
zation of chromatin during S phase.INTRODUCTION
Investigation of inheritance andmaintenance of chromatin states
through generations has emerged as an important line of inquiry
in biology (Margueron and Reinberg, 2010; Moazed, 2011).
Recent experimentation has elaborated a self-reinforcing mech-
anism in which certain histone-modifying enzymes are targeted
and/or stimulated bymodifications that they catalyze (Schmitges
et al., 2011; Zhang et al., 2008). Assuming histones and their
modifications can be faithfully inherited through DNA replication
(Annunziato, 2015), such a mechanism can potentially explain
how histone modification patterns are propagated indefinitely
(Gaydos et al., 2014; Hathaway et al., 2012). However, much
less is known about the mechanisms that govern the re-estab-
lishment of nucleosome positioning on nascent DNA.This is an open access article undElectron microscopy (McKnight and Miller, 1977; Sogo et al.,
1986) and nuclease digestion (DePamphilis and Wassarman,
1980) studies showed that nucleosomes are loaded within a
few hundred nucleotides of the advancing replication fork. Yet
newly assembled chromatin has been widely acknowledged
to undergo a lengthy maturation process during which nucleo-
somes become evenly spaced and comparatively resistant to
nuclease digestion (Cusick et al., 1983; Hildebrand and Walters,
1976; Levy and Jakob, 1978; Seale, 1975; Torigoe et al., 2011).
Nevertheless, bulk nucleosome accessibility to nuclease is likely
a poor indicator of the dynamics of nucleosome assembly and
positioning around regulatory DNA elements such as gene pro-
moters. Indeed, due to the highly dynamic nature of the process,
it is technically challenging to study nucleosome assembly at
specific regions in the genome. Whereas a few nucleosomes
were shown to be rapidly organized at the high copy rDNA locus
(Lucchini et al., 2001), it remains unknown whether this is a
common feature of nucleosome assembly across the genome
and which factors are responsible for the initial nucleosome
organization.
Histone chaperones are fundamental to many aspects of
histone biology (Burgess and Zhang, 2013). In budding yeast,
delivery of newly synthesized H3-H4 histones to the replication
fork is facilitated through the action of the Asf1 chaperone, which
collaborates with the Rtt109-Vps75 acetyltransferase complex
to acetylate histone H3 at lysine 56 (Driscoll et al., 2007; Han
et al., 2007; Tsubota et al., 2007). This acetylation enhances
binding of H3-H4 to both the CAF-1 and Rtt106 chaperones,
which then load histones onto DNA (Fazly et al., 2012; Li
et al., 2008). Nonetheless, histone chaperones are not the only
determinant of chromatin organization: chromatin assembled
in vitro using purified histone chaperones fails to recapitulate
the distinct periodicity and spacing of nucleosome arrays found
in vivo (Struhl and Segal, 2013).
A role for an ATP-dependent activity during nucleosome
assembly was demonstrated decades ago using in vitro nucleo-
some assembly experiments (Glikin et al., 1984). The subsequent
biochemical purification of the ACF (ATP-utilizing chromatin
assembly and remodeling factor) complex from Drosophila egg
extracts showed that ATP-dependent chromatin-remodeling
machines could function alongwith histone chaperones to depo-
sit and space nucleosomes in vitro (Ito et al., 1997). Indeed, it is
now evident that factors belonging to the ISWI and CHD familiesCell Reports 15, 715–723, April 26, 2016 ª2016 The Authors 715
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Figure 1. Nucleosome Assembly In Vivo Re-
quires Key Histone Chaperones CAF-1 and
Rtt106
(A) Okazaki fragment 50 ends are enriched around
consensus nucleosome dyad positions (mapped
in vivo in a wild-type yeast strain [Jiang and Pugh,
2009]) and show weak correlation with nucleo-
somes assembled in vitro (Zhang et al., 2009) using
salt dialysis (brown line) or purified ACF (ATP-
utilizing chromatin assembly and remodeling
factor; blue line). Data are smoothed (10 bp) and
normalized to the maximum signal in the analyzed
range; data are oriented such that Okazaki frag-
ment synthesis proceeds from left to right.
(B) Okazaki fragment ends were radiolabeled
and separated on a denaturing agarose gel; solid
arrows represent mononucleosome-sized Okazaki
fragments; broken arrows are larger fragments
(colors correspond to respective genotypes). The
lower panel depicts a trace of signal intensity for
each lane; DNA ladder is at the bottom.
(C) As in (B) except using H3K56 acetylation-
deficient mutants in addition to other histone
chaperones.of remodeling enzymes are efficient in nucleosome loading and
spacing in vitro (Fyodorov and Kadonaga, 2002; Lusser et al.,
2005; Tsukiyama et al., 1999). However, it is far from clear
whether such factors rapidly organize nucleosomes as part of
the well-described replication-coupled nucleosome assembly
pathway in vivo (MacAlpine and Almouzni, 2013).
We have previously reported Okazaki fragment synthesis on
the lagging strand as a tractable tool to study in vivo DNA repli-
cation (Smith and Whitehouse, 2012). We found that Okazaki
fragment processing during DNA replication is strongly affected
by nucleosomes. Notably, Okazaki fragment termini are en-
riched around nucleosome dyad positions (mapped in asynchro-
nous wild-type cells) and un-ligated Okazaki fragments have a
size distribution that mirrors the periodicity of the nucleosome
repeat. As Okazaki fragment processing and nucleosome as-
sembly are interlinked, our approach provides a genome-wide
assay with high spatial and temporal resolution to interrogate
the mechanisms of nucleosome assembly. Using this and other
assays, we now provide in vivo evidence that ATP-dependent
chromatin-remodeling enzymes collaborate with histone chap-
erones to load and position nucleosomes during S phase.
Finally, we delineate the key roles played by sequence-specific
DNA-binding proteins in the organization of nascent chromatin
in vivo.716 Cell Reports 15, 715–723, April 26, 2016RESULTS
Our original study revealed that Okazaki
fragment ends strongly correlated with
the dyads of nucleosomes whose posi-
tions had been mapped in asynchro-
nously growing cells. Given that Okazaki
fragment processing occurs in very close
proximity to the advancing replication
fork, this finding suggested that nucleo-somes are rapidly placed at positions that they will frequently
occupy for the rest of the cell cycle. This observation counters
the assumption that nucleosomes are initially deposited by
histone chaperones at positions dictated mainly by intrinsic
preference for certain DNA sequences (Kaplan et al., 2010).
Indeed, we observe that ends of Okazaki fragments, hence,
in vivo nucleosome dyad positions show very poor correlation
with nucleosomes assembled on yeast genomic DNA in vitro
(Figure 1A), i.e., sequence-directed positions. Thus, remodeling
of nucleosomes occurs promptly, in contrast to current models
of chromatin maturation (Torigoe et al., 2011).
CAF-1 andRtt106Deposit Non-acetylated Nucleosomes
In Vivo in Absence of H3K56ac
We sought to characterize which histone chaperones contribute
to rapid nucleosome assembly at the replication fork. CAF-1 is a
trimeric histone chaperone complex (comprised of Cac1, Cac2,
and Cac3 subunits in budding yeast), which facilitates nucleo-
some formation behind the DNA replication fork via coordination
with proliferating cell nuclear antigen (PCNA) (Moggs et al., 2000;
Shibahara and Stillman, 1999). CAF-1 also physically associates
with Asf1 (Liu et al., 2012; Tyler et al., 2001) and Rtt106 (Huang
et al., 2005). Current models propose that Asf1 presents newly
synthesized H3-H4 dimers to the Rtt109-Vps75 complex for
acetylation of histone H3 at lysine 56 (Driscoll et al., 2007; Han
et al., 2007; Tsubota et al., 2007). H3K56ac has been deemed
important for mediating efficient interactions between histone
H3 and CAF-1 and Rtt106 prior to loading of nucleosomes
onto DNA (Fazly et al., 2012; Li et al., 2008; Su et al., 2012). Using
knockouts of histone chaperones in our system (Table S1 pro-
vides a complete list of strains used in this study), we asked
whether histone H3-H4 chaperones and H3K56ac influence
Okazaki fragment processing.
We found that depletion of CAF-1 alone (Dcac1, Dcac2, and
Dcac3) or CAF-1 and Rtt106 together (Dcac1 and Drtt106)
completely ablated the nucleosome-sized periodicity of frag-
ments (Figures 1B and 1C) and generated longer Okazaki frag-
ments. The decrease in abundance of the fragments in the
mutant strains is not due to differences in gel loading or global
DNA replication defects; rather, because the mass of copied
DNA must be conserved during DNA replication, the increased
length of the Okazaki fragments causes them to be fewer in
number. Interestingly, Drtt106 also exhibited a subtle increase
in the length of the fragments, suggesting a defect in nucleo-
some spacing in this strain. Surprisingly, lack of H3K56ac did
not significantly alter the fragment pattern: whereas there is a
difference in the proportion of smaller and larger fragments,
deletion of RTT109 (the H3K56 acetyltransferase) as well as
Dasf1 and Dvps75 did not exhibit a global disruption of Okazaki
fragment periodicity (Figure 1C). Longer, periodic fragments
observed in these mutants likely arise through inefficient delivery
of histones to the otherwise intact nucleosome assembly ma-
chinery. Such a delay in nucleosome assembly would result in
longer un-ligated Okazaki fragments as the lagging strand poly-
merase (Pold) conducts more strand-displacement synthesis,
prior to interacting with a newly deposited nucleosome (Smith
and Whitehouse, 2012). Unlike prior biochemical and genetic
experiments, we find that nucleosome assembly proceeds in
an ordered (albeit delayed) manner, even in the absence of
Asf1 and H3K56ac, and only appears to be severely disrupted
upon deletion of CAF-1 or Rtt106. The weak effect of H3K56ac
is consistent with the finding that Rtt106 double pleckstrin-
homology domain exhibits only a moderate (2-fold) preference
for acetylated H3K56 over a non-acetylated H3-H4 complex.
Furthermore, the homodimeric N-terminal domain of Rtt106
binds H3-H4 tetramers independent of their acetylation state
(Su et al., 2012). Thus, our findings provide in vivo experimental
evidence to demarcate the role of H3K56ac upstream of CAF-1
and Rtt106 in the nucleosome assembly pathway.
Isw1 and Chd1 Help Load and Position Nucleosomes
during Replication-Coupled Assembly
Next, we wished to understand how nucleosomes become orga-
nized during assembly. We assayed the chromatin-remodeling
enzymes Isw1, Isw2, and Chd1, as these have been widely stud-
ied for their ability to help load and generate regularly spaced
nucleosome arrays in vitro (Ito et al., 1997; Lusser et al., 2005;
Pointner et al., 2012; Tsukiyama et al., 1999). First, we examined
the global nucleosome repeat by micrococcal nuclease (MNase)
digestion of chromatin derived from asynchronous populations
lacking chromatin remodelers. The bulk chromatin pattern in all
mutants tested appeared similar to that of wild-type (Figure 2A).The extent of the nucleosome ladder was less discrete in the
double (Disw1,Dchd1) and triple (Disw1,Dchd1, andDisw2) mu-
tants, consistent with earlier findings (Gkikopoulos et al., 2011;
Pointner et al., 2012). Nevertheless, MNase digestion clearly
revealed appreciable nucleosome ladders, showing that nucleo-
some spacing is not entirely abrogated in these mutants.
Nuclease digestion of chromatin in unsynchronized cells is
not well suited to study replication-specific defects during
nucleosome assembly. Thus, we used the Okazaki fragment
assay to test how deletion of chromatin-remodeling enzymes
alters nucleosome assembly. As Figure 2B shows, Dchd1 or
Disw2mutants have little effect on the size of Okazaki fragments,
but the periodicity was less apparent in theDisw1mutant, similar
to the Drtt106 mutant (Figures 1B and 1C). Significantly, we
observed a complete absence of nucleosome-sized Okazaki
fragments in the double mutant (Disw1,Dchd1; Figure 2B), remi-
niscent of mutating CAF-1. The Isw1 ATPase is a component of
two distinct complexes: ISW1a (Isw1 and Ioc3) and ISW1b (Isw1,
Ioc2, and Ioc4; Vary et al., 2003). Loss of accessory subunits
from Isw1a or Isw1b complexes could not recapitulate the effect
seen in the Disw1 and Disw1, Dchd1 mutants (Figure S1). How-
ever, the combined loss of Ioc3 and Ioc4, which disrupts both
Isw1 complexes, results in a marked alteration of Okazaki frag-
ment periodicity and length when combined with Dchd1. These
data suggest that Isw1 complexes and Chd1 have partially
redundant roles in nucleosome assembly and positioning.
We performed deep sequencing of fragments derived from the
various histone chaperone and chromatin-remodeling mutants
to test how well the ends of fragments correlated with positioned
nucleosomes, both globally and around specific regulatory re-
gions of the genome (as discussed later). As expected, Dcac1
and Drtt106 (single mutants) and Disw1, Dchd1 (double mutant)
displayed significantly reduced correlation (Figures 2C and 2D).
Unlike a Dpol32 mutant that diminishes Pold processivity (Jo-
hansson et al., 2004; Smith and Whitehouse, 2012; Stith et al.,
2008), we found no strong directional bias of Okazaki fragment
endswith respect to the nucleosome dyad. This allows us to infer
that histone chaperones and chromatin remodelers primarily in-
fluence chromatin structure rather than polymerase processivity.
De Novo Nucleosome Assembly Is Altered in Mutants
Lacking Histone Chaperones and Chromatin
Remodelers
Several studies have implicated Isw1, Chd1, and CAF-1 in gene
transcription, and deletion of chromatin remodeling factors can
significantly alter the chromatin state across the genome (Clapier
andCairns, 2009;Gkikopoulosetal., 2011;Marquardt etal., 2014).
Therefore, one formal possibility is that our findings arise from
a general chromatin assembly defect irrespective of cell-cycle
stage. To investigate this issue,weadapted the ‘‘Meselson–Stahl’’
approach, in which cells are conditionally grown in isotopically
‘‘heavy’’ medium, arrested in G1, and released into S phase in
‘‘light’’ medium (Meselson and Stahl, 1958; Raghuraman et al.,
2001); several time points are taken through S phase, and chro-
matin structure is assessed by accessibility to MNase. The de-
proteinized digestion products are resolved by isopycnic CsCl
density gradient centrifugation, allowing separation of un-repli-
cated from replicated DNA (Figure 3A). Note that, for each timeCell Reports 15, 715–723, April 26, 2016 717
Figure 2. Deletion ofChromatin-Remodeling
Enzymes Disrupts Nucleosome Assembly
(A) MNase digestion of bulk chromatin derived
from chromatin remodeler mutants reveals regu-
larly spaced nucleosomes. The lower panel de-
picts a trace of signal intensity for each lane.
(B) Denaturing agarose gel electrophoresis shows
that nucleosome-sized periodicity of Okazaki
fragments is completely abolished in the Disw1,
Dchd1 double mutant and the Disw1, Dchd1,
Disw2 triple mutant (D, D, D; lane 7, gray). See also
Figure S1.
(C and D) Okazaki fragment termini from (C)
histone chaperone mutants Dcac1 and Dcac1,
Drtt106 and (D) chromatin remodeler mutant show
poor alignment with nucleosome dyad positions.
Data are processed and oriented as in Figure 1A.point, heavy/heavy and heavy/light DNA is separated afterMNase
treatment, which ensures that the digestion conditions are iden-
tical for replicated and un-replicated DNA.
Figure 3B shows, as expected, the amount of un-replicated
DNA (from ahead of the replication fork) gradually decreases
through the time course and vice versa for the amount of
replicated DNA (from behind the replication fork). In a wild-type
strain, the extent of the nucleosome ladder (a measure of chro-
matinization) is similar both ahead and behind the replication
fork—particularly in samples early in the time course, which
are most representative of newly assembled chromatin (Fig-
ure 3B). Similarly, in both Dcac1 and Disw1, Dchd1 mutant
strains, an extended nucleosome ladder is evident in un-repli-
cated DNA. However, newly replicated chromatin is defective,
giving rise to a far shorter nucleosome ladder. Moreover, in
the chromatin remodeler double mutant, the nucleosome repeat
is less discrete, which indicates a deficiency in nucleosome
spacing (Figure 3C). Although some differences exist between
the un-replicated chromatin in wild-type versus mutants, the
most-pronounced alterations occur in replicated chromatin.
Thus, in wild-type yeast, nucleosome deposition and organiza-
tion occur very quickly (on the scale of a fewminutes) on nascent
DNA and significant assembly defects exist in both the histone718 Cell Reports 15, 715–723, April 26, 2016chaperone and chromatin remodeler mu-
tants, thereby corroborating our analyses
of Okazaki fragments.
Sequence-Specific DNA-Binding
Factors Regulate Nascent
Nucleosome Organization by
Chromatin Remodelers In Vivo
Neither histone chaperones nor chro-
matin remodelers intrinsically ‘‘know’’
where to position nucleosomes (Zhang
et al., 2009); therefore, it is intriguing that
nucleosomes are not only spaced but
also rapidly positioned on nascent DNA.
In vivo, nucleosomes are proposed to be
phasedwith respect to a focal point ormo-
lecular barrier (Iyer, 2012). Our previousstudy indicated that general regulatory factors (GRFs) quickly
bind newly synthesized DNA and Okazaki fragment termini are
enriched at Abf1-, Reb1-, and Rap1-binding sites (Smith and
Whitehouse, 2012). Hence, we wondered whether GRFs might
serve as molecular cues for chromatin remodelers acting behind
the replication fork.
We analyzed the positions and abundance of Okazaki frag-
ment 50 ends that exist within a 1-Kbp range around a GRF
binding site. Figure 4, which plots the sum total of 50 termini of
Okazaki fragment sequencing reads, shows that the ends of
Okazaki fragments are highly organized around the GRF, with
maxima localized near nucleosome dyads and at the GRF
(Figure 4A). This agrees with our previous finding that Okazaki
fragment processing is influenced by DNA-binding proteins
(i.e., histones and GRFs), which impede polymerization by Pold
(Smith and Whitehouse, 2012). Furthermore, in concert with nu-
cleosomes, the ends of Okazaki fragments are phased for a few
hundred base pairs with respect to GRF binding site (Figure 4A).
During S phase, nucleosome assembly likely occurs in a
defined spatio-temporal sequence that follows replication fork
movement. If GRFs act as nucleosome positioning cues, then
we expect a transient asymmetric nucleosome positioning
pattern around their binding site: nucleosomes assembled prior
Figure 3. Chromatin Assembly Is Defective
in Histone Chaperone and Chromatin Re-
modeler Mutants
(A) Flowchart of protocol.
(B) MNase digestions are visualized by native
agarose gel electrophoresis and stained with
ethidium bromide. Time point 1 = 5 min after
release from cdc7-1 arrest, and subsequent time
points are collected every 5 min (6 min for Disw1,
Dchd1). Top panels represent bulk nucleosomes
from un-replicated DNA. Lower panels represent
newly assembled chromatin from the corre-
sponding time points. Red arrows and numbers
highlight observed nucleosome repeats.
(C) For each strain, a representative signal intensity
trace is shown; trace colors correspond to un-
replicated (black) or replicated (green) DNA.
Peaks reflect nucleosome-sized species; signal is
normalized to a maximum of 1.to GRF binding should be poorly phased whereas nucleosomes
assembled directly after GRF binding should be phased with
respect to the GRF. Whereas not directly detected in our as-
says, the direction of the replisome is implicit in the position
of an Okazaki fragment end and the strand from which that
Okazaki fragment was derived. Therefore, we can unambigu-
ously determine the direction in which a GRF binding site was
replicated, allowing us to infer the order of ongoing chromatin
assembly.
We oriented all data such that DNA replication, hence nucleo-
some assembly, occurred in the same direction. Using Okazaki
fragment end sequencing as a proxy for nucleosome positioning,
we found a striking asymmetric phasing pattern around GRF
binding sites (Figure 4B). This is consistent with a model in which
nucleosomes are rapidly organized after GRF binding. Phasing
extends for at least three nucleosomes distal to the bound
GRF, but the order decays rapidly as nucleosome positioning
becomes less consistent when averaged across the whole pop-
ulation. Inherent sequence preference may also contribute to
this pattern—particularly for the nucleosome assembled prior
to GRF binding (Figure S2A). Importantly, deletion of chromatin
remodelers—notably Isw1—resulted in an alteration in the posi-Ctioning of the fragment ends (Figures 4C
and S2B). Our data suggest chromatin re-
modeling and repositioning are regulated
by GRF binding, similar to the observation
made in a recent in vitro study (Li et al.,
2015).
Like Isw1, removal of histone chaper-
ones greatly alters the pattern (Figures
4D and S2C), showing that nucleosome
loading and spacing, whereas defective,
occurs preferentially after the GRF is
bound. Remarkably, despite the initial
asymmetry around the GRF binding sites
and the apparent defect in nucleosome
organization in the remodeler mutants,
nucleosomes are ultimately appropriately
phased on either side of the GRF (Fig-ure S3). Presumably, this occurs through compensatory mecha-
nisms after the migration of the replication fork.
DISCUSSION
During DNA replication, a nucleosome will be loaded on both the
leading and lagging strands every 4 s at each replication fork.
As such, assays with exceedingly high spatio-temporal resolu-
tion or those that preserve transient intermediates are needed
to understand the mechanics of nucleosome assembly in vivo.
The analysis of Okazaki fragments provides one such assay,
and we have now been able to investigate the role of several
chromatin assembly factors that perform transient, yet impor-
tant, roles at the replication fork.
Two interconnected processes influence the relationship be-
tween un-ligated Okazaki fragments and nucleosomes: (1) the
rate of primer extension and processivity of Pold and (2) the
abundance and location of nucleosomes. Defects in polymer-
ization by Pold result in the generation of some sub-nucleo-
somal-sized Okazaki fragments, but the periodic pattern and
the correlation between fragment ends and nucleosomes remain
(Smith and Whitehouse, 2012). In marked contrast, mutationsell Reports 15, 715–723, April 26, 2016 719
Figure 4. Nucleosomes Are Phased around
General Regulatory Factor, GRF, Binding
Sites byHistoneChaperones andChromatin
Remodelers
(A) Okazaki fragment 50 ends from a wild-type
strain are plotted around combined midpoints of
functional Abf1, Reb1, and Rap1 (GRF) binding
sites (MacIsaac et al., 2006). Nucleosome dyad
positions (gray) (Jiang and Pugh, 2009) are shown
relative to the GRF binding sites.
(B) Okazaki 50 fragment termini are asymmetrically
positioned when data are oriented such that
replication fork proceeds from right to left (as de-
picted). Lower panel is a schematic of stepwise
nucleosome assembly behind the replication fork.
Nucleosomes assembled prior to GRF binding are
gray; those assembled after GRF binding are blue.
(C and D) Data analyzed as in (B): deletion of either
(C) ISW1 alone or ISW1 and CHD1 in combination
results in a greater defect in nucleosome posi-
tioning (shown by colored arrows). (D) Loss of
CAC1 and RTT106 alone, as well as CAC1 with
RTT106, results in a significant defect in posi-
tioning and occupancy (shown by colored arrows).
See also Figures S2 and S3.that interfere with nucleosome assembly lead to the produc-
tion of longer Okazaki fragments. In these conditions, lower
nucleosome density on nascent DNA permits Pold to perform
more strand-displacement synthesis. Similarly, alterations in
the spacing or phasing of newly deposited nucleosomes will
generate a defined alteration in the length and periodicity of
Okazaki fragments. The veracity of using Okazaki fragments to
study nucleosome assembly in vivo is underscored by the fact720 Cell Reports 15, 715–723, April 26, 2016that our data closely match the known
biochemical activities of the proteins un-
der investigation. However, our results
afford important information regarding
the role of H3K56 acetylation and pro-
vide evidence to show that nucleosome
repositioning occurs during deposition
in vivo. Moreover, we detail a mechanism
by which complex chromatin structures
are rapidly assembled on nascent DNA
(Figure S4).
We show that, in the absence of Asf1 or
H3K56 acetylation, Okazaki fragments
are lengthened yet remain periodic, which
suggests delayed nucleosome assembly
and organization due to lower concentra-
tion of histones at the replication fork.
Biochemical and genetic analyses have
ascribed a key regulatory role to the
enhanced binding between H3K56ac and
histone chaperones CAF-1 and Rtt106
during replication-coupled nucleosome
assembly. However, our data indicate
that impaired delivery or binding affinity
of histones to CAF-1 and Rtt106 does not
critically impede nucleosome assembly tothe sameextent aswhenCAF1or Rtt106 are deleted. Intriguingly,
the relatively mild phenotype ofDasf1mutant in our study agrees
with a previous observation wherein replication-coupled nucleo-
some assembly proceeds efficiently in Asf1-depleted Xenopus
egg extracts (containing wild-type CAF-1; Ray-Gallet et al.,
2007). We conclude that H3-H4 tetramers containing non-acety-
lated histone H3K56 are proficient for incorporation into newly
assembled nucleosomes by CAF-1 and Rtt106.
Despite extensive biochemical characterization of ATP-
dependent nucleosome loading and remodeling (Bartholomew,
2014; Clapier and Cairns, 2009) and the apparent role of re-
modeling enzymes during DNA replication (Biswas et al., 2008;
Collins et al., 2002; Lee et al., 2015; Poot et al., 2004; Vincent
et al., 2008), it has remained unclear to what extent nucleosome
assembly is an ATP-dependent process in vivo. Several studies
have shown that Chd1 and ISWI proteins require histone chaper-
ones during the process of nucleosome assembly (Fyodorov and
Kadonaga, 2002; Ito et al., 1997; Lusser et al., 2005; Torigoe
et al., 2013; Tsukiyama et al., 1999). Yet histone chaperones
do not require ATP-dependent remodeling to assemble nucleo-
somes. Thus, in vivo, nucleosomes could be remodeled when
they are loaded or a considerable time later—long after the
replication fork has passed. This issue is of fundamental impor-
tance to understanding the basic mechanisms by which chro-
matin structure is established. Our results provide evidence for
a ‘‘directed deposition’’ model wherein chromatin-remodeling
enzymes cooperate with histone chaperones to position nucleo-
somes as they are being loaded (Figure S4; Haushalter and
Kadonaga, 2003). In vivo, the loading and remodeling event ap-
pears to be completed significantly faster than that observed
in vitro (Torigoe et al., 2011).
It is noteworthy that loss of Isw1 activity leads to a disruption
in the periodicity and a lengthening of the Okazaki fragments
(Figure 2). Because un-ligated Okazaki fragments correspond
closely with nucleosome dyads (Smith and Whitehouse, 2012),
an increase in the length of fragments indicates a global increase
in inter-nucleosomal linker length. Our data support the notion
that Isw1 complexes function to determine the initial spacing
of nucleosomes, most likely via a protein ruler mechanism
(Yamada et al., 2011), and that Chd1 can compensate for loss
of Isw1 in nucleosome loading, but not in spacing. Loss of
both Isw1 and Chd1 generates a pattern of Okazaki fragments
highly similar to that of Dcac1 mutants, indicating that chro-
matin-remodeling enzymes perform a key nucleosome assem-
bly function in conjunction with the CAF-1 chaperone complex.
We also find evidence that nucleosomes are loaded in a pro-
gressive manner in the wake of the replication fork. Our data
are consistent with a ‘‘statistical positioning’’ (Kornberg and
Stryer, 1988) model in which the first nucleosome, deposited
after the GRF, is positioned at a fixed distance from the GRF
by chromatin-remodeling enzymes. The second nucleosome is
positioned at a set distance from the first and so on. For each
step of this process, a certain degree of variability is introduced.
Whereas ATP-dependent remodeling enzymes are capable of
generating arrays of regularly spaced nucleosomes, our findings
indicate that GRFs play a dominant role in the phasing of nascent
chromatin (Figures S4D–S4F).
Use of GRFs as molecular landmarks would ensure that nucle-
osome-free regions (NFRs) are the first chromatin structures to
be specified, which will allow the rapid demarcation of gene
promoters and the establishment of transcriptionally competent
chromatin states. Nucleosome repositioning by ATP-dependent
remodeling enzymes should also ensure that nucleosomes are
preferentially organized in close proximity to the GRFs (Fig-
ure S4F). Timely GRF binding is expected to be critical for native
nucleosome positioning on nascent DNA and, therefore, for faith-ful inheritance of chromatin structure. Mechanisms that promote
or prevent GRF association with newly synthesized DNA could
have a powerful influence on nucleosome organization and need
to be further examined. Given that certain histone-modifying
enzymes and nucleosome-binding proteins are sensitive to nucle-
osome spacing (Lee et al., 2013; Yuan et al., 2012), chromatin
remodelers related to Isw1 and Chd1 may play key roles in the
establishment, persistence, and modulation of chromatin states.
EXPERIMENTAL PROCEDURES
DNA Purification and Denaturing Gel Electrophoresis
Yeast strains carrying degron-tagged doxycycline-repressible alleles of CDC9
(see Table S1 for a list of strains) were grown at 30C in YEP medium supple-
mented with 2% glucose. At optical density optical density 600 (OD600) 0.3,
doxycycline was added to final concentrations of 40 mg l1 and the culture
shaken at 30C for 2.5 hr. Fifty-milliliter cultures were used for labeling exper-
iments and 200-ml cultures for purification and library generation. Genomic
DNA was prepared from spheroplasts, radio-labeled, and visualized as
described previously (Smith et al., 2015). See Supplemental Experimental
Procedures for details on Okazaki fragment purification and sequencing library
generation.
CsCl Density Transfer
Two-hundred-milliliter volume of cells were grown at 23C in minimal ‘‘heavy’’
minimal media (0.1% [13C]6 glucose; 0.01% [
15N] (NH4)2SO4), to an OD600 =
0.4. Alpha factor was added and cells grown for 3 hr to arrest in G1. Cells
were harvested by centrifugation and re-suspended in 200 ml of ‘‘light’’ me-
dium (YPD; 2% [12C] glucose) pre-warmed to 37C. Pronase was added,
and cells were incubated at 37C for 3.5 hr to induce arrest (cdc7-1). Cells
were subsequently released into S phase by rapid cooling to 23C. Five
minutes after temperature shift, 50-ml volumes were harvested every 5 min
for wild-type and Dcac1 strains or 6 min for Disw1, Dchd1 mutant. EDTA
was added to a final concentration of 20 mM, and cells were rapidly pelleted
and frozen at 80C. Cells were thawed on ice and spheroblasted at 23C
with Zymolyase; chromatin was then digested with the addition of 50 units
MNase for 5 min at 23C. DNA was de-proteinized, purified, and separated
on 6 ml isopycnic CsCl gradient (van Brabant and Raghuraman, 2002) at
47,000 rpm for 24 hr followed by 27,000 rpm for 16 hr. Fractions (24) were
collected and SYBR Green was added to each fraction to allow detection of
the peak DNA. Peak fractions were pooled, and CsCl was removed by dialysis.
Samples were precipitated and visualized using 1.2% native agarose gel
electrophoresis, as shown in Figure 3B.
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